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Introduction. The work objective is to increase the reliability of 
the prediction methods for the lithium hydroxide behavior in the 
steam-water circuit at the thermal power plants and nuclear pow- 
er plants, and for the operational monitoring of the pH index of 
steam solutions. A method of operational control is developed on 
the basis of the conductometric measurements of the hydrogen 
index of the corrosion inhibitor vapor solutions for construction 
materials of lithium hydroxide used at the TPP and NPS. 
Materials and Methods. A mathematical model method is used 
for the practical implementation of the high-temperature opera- 
tional control of the steam solution pH index. 

Research Results. A method for monitoring the pH of vapor 
solutions of lithium hydroxide based on the determination of 
vapor concentration through the steam condensation in the 
coolable conductivity sensor located in the vapor space of the 
steam generator is developed. This has significantly improved 
the accuracy of determining the lithium hydroxide concentration. 
Equations describing the change in the limiting molar equivalent 
conductance and dissociation constants of lithium hydroxide in a 
wide range of state change parameters are proposed. 

Discussion and Conclusions. The proposed on-line technique of 
testing the pH value of steam solutions, and mathematical mod- 
els for calculating the limiting molar equivalent conductance and 
dissociation constants provide an acceptable error level calcula- 
tions and the capability of measurements automation. With an 
increase in the vapor temperature up to 573.15 K, the necessity 


arises to fortify lithium hydroxide in the vapor to 10° mol / kg. 
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Beedenue. Uenb padorsl — noBbiiienve HayéxKHOCTH MeTOIOB 
TIpOrHO3HpoBaHHA MOBeAeHHA THAPOKcH a IMTHA B MapoBoysA- 
HOM Tpakte Ha TOC u ADC xu onepaTHBHOrO KOHTpOsA BOO- 
pogqHoro Noka3aTeia WapoBbIx pacTBopos. PaspaboTaH MeToy 
OMepaTHBHOTO KOHTPOJA Ha OCHOBe KOH]YKTOMeTpHYecKHX 
Y3MepeHHH BOROpOAHOTO MoKazaTesId WapOBbIX pacTBOPOB 
WHTHONTOpa KOppO3HH KOHCTpyKUMOHHEIX MaTepvayioB THd- 
pokcuya IuTHA, MpuMensemoro Ha TSC u ADC. 

Mamepuaaei u memoooi. Jia npakTw4eckol peasM3alHH BBbI- 
COKOTeMIepaTypHOro OlepaTHBHOTO KOHTPOJLA BOOpOAHOrO 
MOKa3aTeA MapOBbIX PaCTBOPOB HCHOMb30BaH MeTO], MaTeMa- 
THYeCKOTO MOJeHMpoOBaHHA. 

Pe3yiomambt uccaedoeanua. Pa3spadoTaH MeTO KOHTpoIA 
BOJOpOAHOTO TMOKa3aTesd WapOBbIX pacTBOpOB THApoKcnza 
JIMTHA, OCHOBaHHBIM Ha OlpeseyeHHH KOHIeHTpaluuH B Tape 
IIyTEM KOHAeHCalMH Tapa B OXJIa2%KaeMOM KOH],YKTOMeTpHye- 
CKOM aTUHkKe, pa3MelJGHHOM B TlapoBOM IIpocTpaHcTBe Mapo- 
reHepaTopa, 4TO MO3BONMIO 3HAYHTENbHO MOBbICHTb TOUHOCT 
onmpeyereHud KOHIWeHTpaluu rugzpoKcnaza suTua. IIpeqoxensl 
ypaBHeHHA, OMMCbIBalOlve H3MeHeHHe MpesesbHOM MOJApHOM 
QKBMBaJICHTHOM 3ICKTPOMpOBOAHOCTH HM KOHCTaHT JMccouHMa- 
WMH THpOKcuya WMTHA B WHpOKOM jMala30He W3MeCHeHHA 
TlapaMeTpoB COCTOAHHA. 

O6cyarcoenue u 3akiiouenua. IipeqioxKeHHbIe MeTO onepa- 
THBHOFO KOHTPOJIA BOAOPOAHOFO MOKazaTesIA WapOBbIX PacTBO- 
pOB HM MaTeMaTHYecKHe MOJeIM TIA pacuéTa MpeyembHOM 9K- 
BUBaICHTHOM MOJAPHOM 9IIeCKTPONPOBOAHOCTH HM KOHCTaHT 
TMccouMalHu OOecieyHBaloT MpHeMIIeMyIO JIA TpakTH¥ecKHXx 
pac4éToB NOrpelHOCTb HW BO3MO2KHOCTb aBTOMaTH3allHH H3Me- 
penuit. IIpu yBesmuenuu Temiepatypb! napa 40 573,15 K Bo3- 
HHKaeT HeEOOXOAMMOCTS B yBeIMYCHHH KOHICHTpallu THpOK- 


cla 1MTHA B Tape Zo 10? momp/kr. 
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Introduction. When organizing and maintaining water chemistry regimes (WCR) at TPPs and NPPs, one of 
the major tasks is to minimize corrosive damages to the thermal power equipment in the zone of contact with water and 
steam [1]. Addition of LiOH in sufficient quantities into feedwater provides the creation of a hard protective lithium- 
ferritic film on the metal surface, which slows down corrosion and stress-corrosion cracking of the heat-exchange tubes 
of steam generators of NPPs with VVER-1000 [2, 3], as well as a significant increase in uptime [3]. When LiOH is add- 
ed into the feedwater of the TG — 104 drum boilers at the TPP, the formation of a protective lithitum-ferritic film is also 
observed [4]. LiOH is used at the TPPs in Russia and abroad [4-6]. In advanced fourth-generation nuclear reactors — 
SCWR (supercritical water-cooled reactor), providing an increase in thermal efficiency compared to the existing ones 
(PWR) from 33 to 44%, at pressure P = 25 MPa, T temperature of water vapor is planned to be increased to 953 K [6]. 
We need data on A, limiting equivalent conductance and K, LiOH dissociation constants at high P and 7, presented in 
an easy-to-calculate form, to create on-line monitoring of the pH values of aqueous and steam LiOH solutions at TPPs 
and NPPs that determine the effectiveness of anticorrosive protection. The technique for calculating the pH of LiOH 
solutions based on the data on y electric conductivity proposed by the authors for the liquid phase [7] is unacceptable 
for the vapor phase at low p densities and C concentration due to a high error in determining y and K, [8]. 

The work objective is to increase the reliability of methods for predicting LiOH behavior in the steam/water 
circuit at TPPs and NPPs and of the operational control of the of steam solutions pH. 

To achieve this goal, equations are developed for calculating A, and Ky, on the saturation line and in super- 
heated steam at T up to 773.15 K; and a technique to control pH of LiOH vapor solutions is worked out. 

Materials and Methods. Compared with the traditional control associated with sampling and cooling of sam- 
ples, the operational pH control using conductometric sensors installed in the heat conductor of the steam generators 
and working at T and P close to the operating ones, is more objective and practically inertia-free [7, 8]. In pH calcula- 
tions for the liquid phase in [7], the experimental data on Ky LiOH [8], K,, ionic product [9], and ¢ dielectric capaci- 
tance for water [10] were used. C concentration of LiOH aqueous solutions was determined in terms of C LiOH=f (y 
LiOH) r=const, the dependences obtained on the basis of the experimental data on y solutions. 

Under measuring x solutions in the vapor phase (especially for small p and C), when the polar properties of the 
solvent are weakened, the dissociation degree of LiOH is small, and the resistance of the interelectrode space of the 
measure cell of the conductometric converter can become commensurate with the resistance of the electrical insulator, 
which will lead to large errors in determining ¥ [8]. 

For the practical implementation of the high-temperature operative pH control, the necessary data on A, and 
K, can be obtained in the studied range of the state parameter variation through the mathematical simulation technique 
and be presented in the form of equations. 

Research Results. Considering the analysis of existing methods, this paper proposes a method for testing pH of 
LiOH vapor solutions based on the determination of C LiOH in steam through the vapor condensation in the conductivi- 
ty sensor with a cooled capillary [11] placed in the vapor space of the steam generator in the coolant flow. In this case, 
C LiOH in steam is equal to C LiOH in the vapor condensate and can be determined from C LiOH=f (x LiOH) r=consi 
dependences obtained for the liquid phase [7]. Vapor condensation can significantly improve the accuracy of determin- 
ing y and C [8]. The pH calculations for LiOH vapor solutions were performed according to the procedure described in 
[12] using data from [8] on Ky. 

To assess the effectiveness of using LiOH for corrosion protection in SCWR fourth-generation atomic reactors, the 
authors [6] calculated the pH of LiOH aqueous and steam solutions at P = 25 MPa in a wide variation range of p, T, C, 
on the basis of the experimental data on K, [13-15]. Besides, an empirical equation for calculating K, molal Kon con- 
stant [16] in p variation range from 50 to 1000 kg / m? and T from 373 to 873 K is proposed: 

log Ka = a + ag/t + + (a3 + a4/t):-log 95 + (as + a6/t)-(logsd)’, 
where 6=p/p.; T=7/T.; Pc, T; is the solution density and temperature at the critical point; a), a2, a3, 44, a5, do are con- 
stants. 
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In superheated steam, with a decrease in p and T Kz LiOH reduces, the difference between pH H2O and pH of 
LiOH steam solutions decreases, which reduces the effectiveness of corrosion protection of the structural elements at 
high P and T. The authors have calculated the pH values of LiOH steam solutions at P = 25 MPa; T = 673, 723 and 773 
K for C=10°, 10°, 10*, 10° and 10° mol/kg. The experimental data on Ky LiOH [8], K,, ionic product [9], and ¢ die- 
lectric capacitance of water [10] were used in the calculations. Fig. 1 shows pH dependence of aqueous and vapor LiOH 
solutions on p at P = 25 MPa for C=10 °-10° mol/kg. 

In the area of p <330 kg/m’, the authors [13-15] did not perform experimental studies; therefore, the figure 
shows only the results of calculating pH of LiOH using the data on K, LiOH obtained by the authors’ equation [16]. 


773 ie 
723 
873) | 673 623 573523473373 





100 200 300 400 500 600 700 800 900 1000 
p; kg/m3 


Fig.1. pH dependence of LiOH aqueous and steam solutions on p density at P = 25 MPa: 1 — HO; 2,3,4,5,6 —- C LiOH = 10°, 10°, 
10%, 10°, 10° mol/kg; A, © is calculation of pH from data on Kg [13-15 ] and [8]; 2,3,4,5,6 lines are calculation of pH according to 
Kg data obtained from equation [16]. 


A, and Kg values [8], which are necessary for creating equations describing the change of A, and Kg with 
changing p and 7, are given in Tables | and 2 in comparison with the data from other authors. These values were previ- 
ously obtained by the authors on the basis of the measurements of the electrical conductivity of high-temperature LiOH 
solutions. 

To create equations describing A, behavior on the saturation line, in order to reduce the error of data approxi- 
mation, p variation range was divided into 2 parts (from 100 to 500 and from 500 to 958 kg/m’), for each of which an 
equation of the following form was proposed: 

Ao=bo:p + bp’ + byp + bs, 
where b,, b;, b>, b3 are definable constants; p is density of the solution, kg/m’. b,, b, b>, b; values for p = (100-500) 
and (500-958) kg/m* are —0.000004; 0.005878; 
~2,810,820; 1942.943226 and —1.25711 10°; 0.024177411; —16.58559801; 5334,222549 respectively. For pK z= 
log\y values, the values of d;—d¢ coefficients are calculated in the equation similar to that presented in [16] and given 


above: 











pK g=d) + dy/t + (ds + da/t):log 05 + (ds + do/t) (logs), 
where d=p/p,; T=7/T.3 Pc, T, are density and temperature of the solution at the critical point; d,, d2, d3, d4, ds, ds are 
constants. 
When calculating d;—d, constants, we used previously obtained experimental data on Kz [8]. On the saturation 
line, we considered only our own experimental data. Calculations for the superheated steam at T= 673.15 and 773.15 K 
were made in two versions: in the first one, only the author's data on K, [8] were considered, in the second — all the data 





given in Table 2. 
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Table 1 
Dependence of A, LiOH limiting molal conductivity on p density 
on saturation line and in superheated steam 





















































sien? A,:10, cm-m* / kmol 

: Saturation line T= 673K T=773K 
100 1710[8] 1675[8] 1665[8] 
130 1675[8] 1630[8] 1620[8] 
160 1630[8] 1590[8] 1575[8] 
200 1575[8] 1550[8] 1545[8] 
300 1510[8] 1480[8] 1475[8] 
400 1475[8] 1460[8]; 1392[13] 1455[8] 
433 1452[15] 
500 1450[8] 1435[8]; 1539[13] 1428[8]; 1574[13] 
600 1370[8] 1380[8]; 1355[13] 1388[8]; 1377[13] 
621 1277[15] (P = 23.86 MPa) - - 
700 1265[8] 1275[8]; 1270[13] 1276[13] 
714 1189[15] (P = 9.52 MPa) - - 
800 1100[8] 1088[13] 1109[13] 
871 1017[15] (P = 9.91 MPa) : : 
917 780[8] - - 
922 754[15] (P =9.4 MPa) : : 
950 594[13] - - 
958 573[8] - - 

















For the saturation line: d,;=119.50984; d.=-115.33347; d3=-174.20233; d4=167.90533; ds=-143.78368; 
d5=183.09356. 

For the first version of the calculation for the superheated steam: d|=7.6323975; dy>=3.214114; d3=-10.9289; 
d4=2.5463453; ds=10.34132; dg=15.190972; for the second version of the calculation: d,=10.113404; d.=6.133638; 
d3=17.85984; d4=8.888042; ds;=-8.405401; ds=14.648395. 

The percent deviations of the experimental values of A, and pK, from those calculated by the proposed equa- 
tions are presented in Table 3. 









































Table 2 
Dependence of negative logarithm of Koff constant of LiOH pKa 
on p density on saturation line and in superheated steam 
5 keen? pKa, mol/kg 
° Saturation line T=673.15 K T=773.15K 
100 10.04[8] 10.07[8]; 11.06 [16] 10.16[8]; 13.34[16] 
130 8.41[8] 8.56[8] 8.67[8] 
160 7.24[8] 7.32[8] 7.69[8] 
200 6.25[8] 6.42[8]; 6.45[16] 6.89[8]; 8.16[16] 
300 4.40[8] 4.69[8]; 4.13[16] 5.20[8]; 5.64[16] 
379 3.48[15] 
400 3.86[8] 3.98[8]; 2.82[16]; 3.14[13] 4.31[8]; 4.01[16] 
433 3.1[15] 
500 3.28[8] 3.38[8]; 2.81[13] 3.43[8]; 3.15[13] 
600 2.52[8]; 2.45[8]; 2.32[13]; 1.26[16] 2.58[8]; 2.43[13]; 1.97[16] 
650 2.13[13] 2.25[13] 
700 2.08[8]; 2.01[8]; 1.83[13] 2.07[13] 
712 1.59[17] 
750 1.82[13] 1.89[13] 
800 1.63[13]; 0.343[16] 1.65[13]; 0.753[16] 
807 1.41[15] (P= 11.02 MPa) - - 
922 1.29[15] (P=9.4 MPa) - - 
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961 1.03[15] (P =4.88 MPa) - - 








Table 3 
Deviation (in%) of experimental values of limiting equivalent conductance (5A,) and negative logarithm of molal Koff 
constants (6pK 4) from values calculated by equations 









































6A, opKa 
Pp, Seasdtian T=673,15 K T=773,15 K 1 T=673,15 K T=773,15 K 
kg/m? i. ° Saturation line 1 calculation calculation ver- 2 calculation 2 calculation 
. version sion version version 
3.40[8]; 5.86 10.9[8]; 
100 0.36[8] 0.04[8] 1.20[8] 1.36[8] [16] 15.5[16] 
130 0.47[8] 0.23[8] 0.18[8] 1.22[8] 2.42[8] 11.7[8] 
160 0.28[8] 0.33[8] 2.62[8] 1.86[8] 3.42 [8] 10.5[8] 
0.52[8]; 5.95[8]; 
2 34 11 92 : 
00 0.34[8] 0.11[8] 0.92[8] 0.39[8] 0.98[16] 10.5[16] 
3.86[8]; 1.99[8]; 
300 0.09[8] 2.50[8] 0.29[8] 9.17[16] 5,96[16] 
379 3.05[15] 
mig 6.44[8]: 
400 0.03[8] 0.12[8] 4.99[8] 4.07[8] 20.2[16]; 0.56[16]: 
7.96[13] ‘ , 
433 0.41[15] 
21.77[8]; 8.78[8]; 
500 0.09[8] 0.16[8] 8.95[8] 2.40[8] 5,90[13] 0.67[13] 
13.72[8]; 5.24[8]; 
600 0.10[8] 0.17[8] 4.56[8] 6.11[8] 8.89[13]; 0.60[13]; 
67.8[16] 24.1[16] 
650 - - - - 10.6[13] 4.02[13] 
14.38[8]; 
44 : 82 - .03[1 
700 0.44[8] 0.05[8] 7.82[8] 5,95[13] 8.03[13] 
750 - - - 14.2[13] 11.5[13] 
800 0.26[8] - - - 12.8[13] 11.3[13] 
917 2.27[8] - : - 3 E 
958 1.51[8] - - - - - 





























Discussion and Conclusions. As obvious from Fig. 1, pH values of LiOH obtained by the authors at T= 673 K 
are lower compared to those obtained through calculating [6] by a mean of 0.2; at T= 723 K, they are higher by 0.1-0.2; 
at T= 773 K, they are higher by 0.1-0.7 pH units. 

Thus, the error ratio of the data on pH of LiOH in the superheated steam obtained by the authors and presented 
in [6] goes up with increase in JT and C. Such a mismatch may be considered satisfactory if it is remembered that with 
decreasing p to 200-100 kg/m’, the experimental data [8] error on Ky LiOH increases to 180%, and, moreover, the au- 
thors [6] did not use the experimental data on Kz equation at p <330 kg/m’. 

The deviation of the experimental values of A, and pK4 from those calculated using the equations proposed in 
this paper on the saturation line does not exceed 1%, and only at p = 917 and p = 958 kg/m’, it reaches 2.27 and 1.51% 
for A, (Table 3). In the superheated steam at T= 673.15 and T = 773.15 K for the first version of the calculation using 
only the author’s experimental data on K, [8], the greatest deviation of the experimental data of pKa from the calculated 
one does not exceed 2.5% at p = 100-300 kg/m’ and goes up to 8.95% with an increase in p to 400-700 kg/m’. For the 
second version of the calculation, considering the data of all authors presented in Table 2, the greatest error of calcula- 
tion by the equation at p = 100-300 kg/m’and 7 = 673.15 K; T= 773.15 K reaches 15.5% for these authors [16], and at 
p = 100-300 kg/m? and T= 673.15 K; T= 773.15 K — 67.8%. 

Based on the analysis of the obtained results, it can be concluded that the use of LiOH as a corrective additive 
for pH control in order to prevent corrosion damage to structural elements of SCVR advanced atomic reactors of the 
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fourth generation creates no difficulties at 7<673.15 K and P = 25 MPa. With an increase in temperature already at T= 
773.15 K, for effective corrosion protection, it is necessary to raise C LiOH to 10° mol/kg, which puts forward the task 
to study the vapor solvability of LiOH at these state parameters. 

The proposed method of operative control of pH of LiOH vapor solutions and mathematical models for calcu- 
lating A, and K, provide the capability to determine pH using a measuring-computing complex that runs continuously 
in automatic mode; it has a short signal delay time, and it provides an acceptable for practical calculations error of 
measurement results. 

The application of such devices in modern systems of chemical-engineering monitoring at TPPs and NPPs will 
significantly improve the reliability of pH operation control and forecasting techniques of LiOH behavior of in the va- 
por-water circuit. 
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